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ABSTRACT
‘ 9 Béag/

The purpose of thls program Is to develop a technique for hot extruding MgO and to
determine the effect of hot extrusion on MgO with preliminary evaluations on other
oxlde bodles. Two more canned extrusions of MgO and Its alloys have been completed.
CeOy billets were successfully fabricated by Isostatic pressing. Problems attributed
to gas entrapment in MgO fabrication occurred, but modifications of pressing procedures
are resolving these. Another uncanned extrusion was made with better results.

Extrusion analysis shows that cracking should be reduced by slower cooling and relieving
constraining of the ceramic by the can. Orliginal large graln boundarles approximately
parallel to the extrusion axis apparently slide during extrusion and result in preferential
crack sites. Substantial grain elongation occurs during extruston. The extruded body

Is nearly completely recrystallized giving a grain size much smaller than just prior to
extrusion, and In fact smaller than in the starting billet. Very large gralns are reduced
much more than smaller ones, but do not produce as small an extruded grain size as a
body of much smaller starting grain size. Dense MgO, MgO-NIO, and MgO-Al,04
bodles show simtlar extrusion grain size, and highly orlented texture. MgO-CaO and
MgO-ZrO; bodles are much more resistant to high temperature deformation. Increasing
the extrusion temperature from 2100°C to 2400°C did not significantly change grain size,
orientation, or densification In MgO, MgO~NIO, or MgO-Al204 bodles. The distri-
bution of alloy agents is generally more homogenous after extrusion, but there Is evidence
of some grain boundary accumulation of alloy agents in MgO-ZrOy, MgO-CaO, and
MgO-Al905 bodles. Contamination from the Tungsten cans appears to be negligible.
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WORK ACCOMPLISHED
A. BILLET FABRICATION

Data on billets 1.5" in dlameter and generally about 1" long made durlng this
perfod Is summarlzed in Table 1. The fused MgO billets were ground from the
same fully dense Ingot* used throughout these experiments. The spinel was a
sample(2) from a commerclal fusion*. The ZrOqp** blllet Is from the previously
noted purchase (3) (and Is 3" long). Fabricatlon detalls are glven in the follow-
Ing sectlons.

1) MgO

Btllets M=1-19 through M-2-4 were fabricated In new graphite ("Graph-
I-flf? G") dles from the same lot and purchase of Fisher MgO previously
used\d), However, as noted In Table 1, problems of lamination, or dle

or ram breakage occurred. Examination showed that M=1-17, M-1-18,

and M-1-20, also had some laminations, and denser ends than centers.
During fabrication of M=1-17 through M~1~20 snapping nolses (transmltted
through the pressing train) were heard. These snaps were often accompanled
by temporary 10 to 50% Increases In absolute pressure In the vacuum
chamber. Absolute pressure In the vacuum pressing chamber often tempor-
arlly Increased from the order of 10 x 1073 Torr to the order of .1 to .2 Torr
upon release of the 5000 pst ram pressure on the specimen. Similar in-
creases In absolute chamber pressure accompanled the dle breakage In

Table 1 and the "Flberfrax" blanket used for die Insulatlon was "blown-out"
between the Inductlon colls along with fine MgO fragments. Closer examin-
atlon of the unused Flsher powder Indicated It had lost some of its “fluffiness™
though stored in glass jars with the lids sealed with plastlc tape. These
observations and past experiments all Indlcate that the problem is due to
Increased gas content trapped In the rapidly densifying billet.

Experimental pressings of thinner disks based on this "gas hypothesis*
led to modifying Yacuum Hot Pressing Procedure B for billet M=2~4 by
walting until 1150°C (2100°F) to apply ram pressure, which was built up
slowly over a perlod of about 20 minutes.

A new lot of Fisher MgO powder was recelved, and initial tests indicated
some possible gas problem. Therefore, billet M~2~5 from this new lot, was
pressed on a compromlse pressure cycle: pressure applied at 925°C (1700°F)
and gradually increased to 5000 psi at 1130°C (2050°F).

These modifications In pressing procedure produced blllets of satlsfactory
to good density without lamlnations In the billets or breakage of dles.

* Product of Muscle Shoals Electrochemical Corp.
* * Product of Zlrconlum Corp. of America
* * * Product of Basic Carbon Comp.



2)

3)

4)

5)

6)

MgO - 5 w/o NIO

Blllets M5N-1-1 and M5N~1-2 were fabricated from Mallinckrodt reagent
MgO and Baker reagent NIO per Vacuum Hot Pressing Procedure A,

except: the NIO was added with the LIF, vacuum was not used (1), and

a pressure of 5000 psl was applled. M35N-=-1-1 showed structure previously
Identifled as flattened gas bubbles thus explaining the lower density. This
and the dle breakage with M5N=-1~2 are consistent with the “gas hypothesis®
and past experlence with simllar bodles at Boeing.

MgO -5 w/o A|203

Blllet M5A-1-1 was hot pressed per Vacuum Hot Pressing Procedure B

from Fisher MgO and Alon C mllied 2 hours In benzene. Alon C was chosen
to posiibly glve a finer distribution of the Al2O3 and for Its expected higher
reactivity.

MgO-2 w/o ZrOy

Blllet M2Z~-1-6 was hot pressed from Fisher MgO and colloldal ZrO, mllled In
benzene prior to the above noted problems with MgO blllets.

CaO

Blllet C-1-4, from CaO made from Ca(OH);z per calcining Procedure A,
was fabricated per Yacuum Hot Pressing Procedure B, except pressure was
applled over a perlod of 15 minutes because of possible gas problems.

CQOZ

Blllets Ce~1-1 and Ce=1~2 are from 1 rod of Isostatically pressed (30,000 psi
for 5 nzg’utos with 10 minute pressure release) and fired Lindsay 99.9 +%

CeO, 'Y/, Firling of this rod at 1315°C (2400°F) for 17 hours then later

firing It to 1425°C (2600°F) for 14 hours resulted In densitles repectively

of 5.8 gm/cc and 6.64 gm/cc. A final firing at 1565°C (2850°F) for 14 hours,
during which the rod broke approximately In half, resulted In densities of

6.62 gm/cc and 6.82 gm/cc In the two halves. Heating and cooling times
were respectlvely 16 hours or more and 8 or more hours,

EXTRUSION

4

Extruslons are . performed by Nuclear Metals, Incorporated, Concord, Mass.

Selectlon and analysls of extruslons are made ointly by Boeing and Nuclear Metals.

)]

Catch Tube

The carbon sections(3) for catch tube Insulation withstood the mechanical
stresses of catching the extruslon, and Increased the coollng time approxli-
mately three fold. The extrusion now takes about three minutes to cool

6



below red heat.

The catch tube with these carbon sections was used for all extruslons
analyzed in this report, and reduced occaslonal warping and bending
of extrusions.

2) Canned Extrusions

Two more extrusions of MgO and MgO alloy blllets In tungsten cans
have been completed. Data for these and the three simllar extrusions
completed [ust prior to the last report 3) Is summarlzed In Table |, The
order and composition of each ceramic billet In these extrusions Is listed

in Table 11].

A typlcal break~down of an extrusion Is shown In Flg. 1A and an unex-
truded tail illustrating the reductlon and flow Is shown In Flg. 1 B.
Samples of the extruslons with half the can cut off are shown In Flgs. 2
to 4. Billet mg-1 of extruslon MgO-6 was + 14 mesh 99.5 % pure -
MgO fused grain.*

3) Uncanned Extruslon

Another uncanned extruslon trlal (see Flg. 5) simllar to the last one (3)
was made except the temperature was 2300°C Instead of 2200°C and

the 0.1" wall graphite lubricating sleeve was eliminated to use more
conventional glass lubrication and to reduce graphlite contamination.

The dle was filled with Insulating fiberglass for lubrication since possible
loss of the outer tantalum foll precluded rolling the hot billet through
proprietary powdered glass lubricant during transfer to the extrusion press.

The TZM nose extruded unlformly, followed by a drop In pressure and

an Increase In speed during Inltlal extrusion of the MgO. The pressure
then rose and the MgO stalled after about 0% of the MgO extruded.
About 1" of the MgO attached to the TZM nose remalned In one piece
(wlth 1 or more cracks), while the remalnder of the extruded material
which came out of the dle fragmented. Many fragments often had dimensions
between 0.5" and 1" - much larger than the pleces In the last attempt.
The dlameter of the MgO attached to the TZM nose was about 1.5" while
the dle exit Is only dbout 1,25", This MgO on the TZM nose did not
have the slight translucency of that In the dle and adjolning fragments.
The fragments showed no slgn of the carbon contamination previously
observed.

* Product of General Electric Co,



C. MATERIAL ANALYSIS
1) Extruslion Uniformlty

Extruded ceramic blllets frequently showed a maximum dlameter shortly

behind thelr tip as seen In Figures 2 to 4, (especlally in billets M-f-3, MIA-1-8,
and M4C-1-2). This bulbsus nose was followed by a more unlform section

where equllibrium flow had apparently been established.

Bulbous noses were not observed In the following billet when the tall of the
preceding billet flowed over the nose of the followlng billet as seen In

Fig. 2 (Billet M=1-12), Flg. 3 (Billet M-1-4), and Flg. 4 (Blllet M2N-~1-6).
Very uniform transitlons between billets are shown In Fig. 6.

These reglions of apparent uniform flow usually varled some In dlameter, with
a glven cross section commonly having differences In diameter of 5 to 10%.
A range of samples of this variatlon Is seen In Fig. 7 (see also Fig. 11 B and
note Reduction Ratio varlation in Table [I), The posltion or magnitude of a
maximum diameter would often gradually change along the extruslon axis
(e.g. compare M2N-1-3 of Flg. 7 and In Fig. 6 A and B).

MInor protruslons of the can Into the ceramlc occurred with all billets
fabricated from MgO graln prlor to canning (see Fig. 2 ~ Billet MG-1,

and Flg. 4 - Blllet M =-2), but not In the MgO graln packed In the can
Flg. 4 - Billet mg~1). l.arger protruslons occurred wlth the fused billets
M2Z-1-1 and M5C-1-2 (Flg. 3) but not with billet MION=1-1 whose
surface porosity before extrusion was respectively greater than M5C-1-2

and M2Z-1~1 (see Flg. 8). An Increase in the number and size of protrusions
made It difficult or Imposslble to remove the ceramlic blllet from the can
halves.

An extreme non-uniformity occurred near the end of blllet M=f-4 (MgO-2)
wlth the MgO actually coming out of the can as shown In Fig. 9. Thls
sectlon was preceded by another smaller non-unlformity and followed by

a stlll smaller one. The first 50% or more of the specimen was typlcal of
other simllar extrusion, and the tall appeared to be agaln approaching
equllibrium flow.

2)  Denslty

Definlte densification occurred In some billets as shown by comparing
densitles before and after extrusion in Table |11, This was particularly
marked in the MgO-2 w/o NIO bodies which prior to extrusion showed
I1ttle or no translucency In a thickness of 0.1 to 0.2, while substantial
translucency was observed In all such billets after extrusion. Billets



3)

MG-1, MG-2, and MG=-3 fabrlcated from graln ) prior to extrusion
apparently also denslfled as Indicated by a slight translucency and
higher average reduction ratlo (see Table|l])}. {These densitles were not
measured because of difflculty of removing adequate sectlons from the
can). Billet mg-1 showed extenslve denslfication, and apparently was
denser than MG =1 to 3. The transparency of blllet M~1-7 In Fig. 7D
which represents about average transparency for the dense MgO bodles
Indlcates near theoretical denslty.

Cracking

Two general types of cracking termed random and linear (since the inter-
sectlon of the crack and a surface parallel or perpendicular to the ex-
truslon axis Is generally a reasonably straight line) are observed. Examples
of random cracking are M2Z-1-1 and M5C-1-2 (Fig. 3), MG-2 (Fig. 10A)
and MION-1-1 (Flg. 10B). A typical linear cracklng example In the
longitudinal section of M=1-11 is seen in Fig. 10 C, whlle examples in
transverse sections are seen In Fig. 7. A possible intermedlate case is
seen in M4C-1-4 in Fig. 10 D,

Random cracks apparently orlginated from surface Irregularities as seen in

Fig. 10 A. Such cracking was characterlstic of MgO fabricated from

graln prior to extrusion and all billets from fused Ingots (MION=-1-1,
M2Z-1-1, and M5C-1-2). Random cracking also occurred In the uncanned
extruslon. Random cracking was of diminishing characterization of hot pressed
MgO-2 w/o ZrO, (M2Z-1-3), hot pressed MgO-4 w/o - CaO

(M4C-1-4, M4C-1-1, and M4C~1-2), and graln packed In the can (mg-1).

LInear cracking In general Increased as random cracklng decreased.
However, the density of lInear cracks was much less than random cracks as
seen by contrasting Figs. 10 A and B with Figs. 7, 10 C and 10 D. The
spaclng of transverse linear cracks varled from 0.25" to 0.75". Linear
cracking was characterlstic of all dense hot pressed bodles of MgO, MgO-1w/o
Al5O5, and MgO - 2 w/o NIO except in extrusion MgO~1. There
closer examination showed that billet MIA-1-1 was characterized mostly
by linear cracking with some possible random cracking, while M2N-1-1
appeared t> be characterized mostly by random cracking (very fine).
These latter two blllets had rougher surfaces (from minor can protrusions)
than thelr counterparts In extrusions MgO-2, 3, and 6.

Transverse linear cracks (perpendicular to the extruslon axlis) are generally
quite planar, while longltudinal cracks (parallel to the extrusion axis) are
sometimes more curved as seen In Fig. 7. Such longltudinal cracks generally
appeared greater In number and often more distinct In MgO - 1 w/o

Al903 than in MgO and MgO - 2 w/o NIO. (This Is also true of MIA-1-1
In extrusion MgO-1).



4)

Examlination of Figs. 7 and 10 C wlll show that IInear cracks generally
stop shortly below the surface. This Is substantiated by microscoplc
examlnation. It Is also generally true that one linear crack Intersecting
another will result In the termInation of one as shown In Fig. 10 C.

The above comments on linear cracking are generally true of the billets
ground from the fused MgO Ingot (M=f=3 through 5). However, there Is
substantlal evldence that most longltudinal cracking In these Is at or

near the orlginal graln boundarles that were generally orlented approxi-
mately parallel to the extruslon axis. Flgs. 11 A and B show a falrly
good correspondence between cracks In the extruded billet and the
orlginal graln boundarles. The maln boundary dlviding the original biilet
M=f=4 In half (Fig. 11 C) showed a distinct correspondence with a linear
crack dividing the extruded body In half. Fig. 11 D Is a sample of this
crack surface which Is corrugated or striated.

Mlcrostructure

Estimated grain sizes >f the extruded bodies are glven In Table Ill.
Typlcal transverse sectinns (fractured at transverse lInear cracks) are
shown In Figs. 12 A, B and C, with the corresponding typlcal longi-
tudinal sections shown In Figs. 12 D, E and F.* A surface rim of grains
30 to 60% of the average graln size as illustrated in Flg, 13, occurred

. on most specimens. The thickness of this rim was generally a few

hundred microns thick, but sometimes reached a thickness of over 1000
mlcrons - most often with MgO-2 W/ NiO speclmens. (This rim effect
was not entered In the estimate of grain size). The least uniform grain
stzes were in bodies of fused MgO or with MgO grain, where patches of
dIfferent sized grains were found, sometimes showlng extremes of grain
size difference of the order of 50 fold. An especlally distinct case Is
shown In Fig. 14. In the fused MgO bodles, there frequently appeared
to be a difference In the average grain size between reglons bounded by
longltudinal linear cracks though there was significant variation within
these reglons. There also »ften appeared to be a reduced graln slze along
these longlftudinal lInear cracks In the fused MgO bodies. Generally the
MgO-CaO and MgO-ZrO, bodles were most uniform In graln size. Several
occurances of appare~tly unrecrystalllzed gralns or outllnes of elongated
gralns that had recrystallized (see Fig. 14 and 15) were found Inside the
above noted rim, but usually within 0.1" of the edge of the extrusion.

Zraln slze just prior to extruslon and the above varlations In extruded
graln size are necessary to evaluate the estimated graln slzes of Table III.
“raln size prior to extrusfon wlll depend upon time and temperature as

“ All MgO and MgO alloy fracture surfaces were etched 5 to 10 seconds In concentrated

bolling chromlc acld to etch dIslocations and boundarfes. No differences In graln
structure were found between cut and fractured surfaces. All cut surfaces were dry
sanded as flne as 600 grit paper then etched 20 to 40 seconds In the bolling chromic

acid.,
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well as composition and denslty (for example an Increase of porosity from
a fractlon of a percent to about 2% can result In 3 fold reductlon In graln
slze). Graln growth rate wlll decrease with Increasing temperature above
1600 - 1800°C unless a graln growth Inhiblting second phase Is dissolved.
Bodles of a smaller graln size wlll generally show a higher rate of growth
than those of larger graln slze under comparable conditlons. These
observations and studles allow the estimates of graln size before extrusion
shown [n Table |V to be made.

Mlcrostructure shows that transverse fractures are predominantly cleavage
as seen in Figs. 12 A, B, C, 13 A and B. These flgures and the contrast
In fracture surface flatness shown between an unextruded and an extruded
fracture surface In Flg. 16 Indlcate substantial orlentation In the ex~
truded body. Longltudinal fracture surfaces were rougher and possibly
contalned less cleavage.

Etched fracture surfaces revealed a signlficant amount of formed or partially
formed sub-boundarles In the MgO, MgO-NIO, and MgO-Al, O3 bodles

as fllustrated In Fig. 17. Comparlson between Fig. 16 B and Figs. 16 A, 17,
12 A, B, C, and 13 show a higher dislocation density In the extruded

bodles of MgO, than the unextruded body. General comparison indlcated
that there was a respective decrease In dislocation denslty In MgO,
MgO-NIO, MgO-Al,0,, MgO-ZrOy, and MgO-CaO bodles with the
latter two being subsfunt?ally lower than the flrst three.

5)  Second Phase Analysis

Electron probe examlination of billet M5C~1-2 (MgO-4) showed some evidence
of graln boundary accumulation of a Ca(?d')lch phase, but substantlally

less than reported for M5C=1=1 (MgO-~1)\*/, There was dlIstInct accumulation
of a CaO rich phase at or near several cracks similar to that previously
reported by Rlce(4, . An estimate of the CaO concentratlon showed no
slgnificant loss of CaO from the body.

Simllar examination of billet M4C-1-1 (MgO-4) shows a quite uniform
distribution of CaO, and no apparent loss of CaO. Billet M4C~1-4 (MgO-4)
showed some evidence of CaO accumulation at or near some graln boundarles
and volds (or cracks).

The MgO - 2 W/, ZtO, fused Ingot, from which blllet M2Z-1-1 was cut,
frequently had ZrOj rich reglons* of varylng thickness around parts of grain
boundaries, especlally smaller grains as shown In Flg. 18 A, It also
frequently contained 1 or more random ZrO, rich reglons of the order of

5 mlcrons within gralns. Thin section analysls and electron microscope
examination revealed a dense populaﬂ?rs of rods (see Fig. 18) orlented
approximately In the {100} direction 4) . Electron probe analysls of

* The electron probe showed Ca, Hf, and Si In the ZrO, rich reglons.
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billet M2Z~1-~1 after extruslon shows no distinct grain outlining as In
Flg. 18 A, but an Increase In the density and size of random ZrO,, rich
reglons was observed. Electron microscope examlination !ndlcufodz substantlal
reduction In the density and untformlty of distrlbution and shape of the rods.
Fabrication of billets, such as MZZ-I-3(3), from graln ground from thls
MgO - 2 W/o ZrO, Ingot resulted In a body of agglomerated particles
several microns In dlameter with no rods distrlbuted with In the gralns.
Electron probe examination of the extruded M2Z-1-3 blllet showed a

falrly uniform distribution of ZrO, rich reglons a few microns In diameter
with no Indicated graln boundary accumulations as seen In Fig. 19 A.
Electron micrographs of etched fracture surfaces frequently showed the
structure seen In Flg. 19 B. Apparently much of thls structure, which Is
suggestlve of a second phase, occurred at graln boundarles. Thls exam-
Inatlon also showed some reglons of structure simllar to the rods of Fig. 18 B.

Electron micrographs of fracture surfaces of extruded MgO-1 ¥/o Al,O4
bodles showed structure simlilar to that of Flg. 19 B. This structure was
not found In MgO or MgO -~ 2 W/ N1O bodles.

Electron probe analysls of MgO - 2 ¥/, NIO bodles shows a generally
uniform distribution of the N1O, except for a surface rim of a few hundred
microns where there Is lIttle or no N1O,

Electron probe analysls for tungsten showed that many specimens have no
tungsten, while other specimens show tungsten to depths up to several
hundred microns. The tungsten always appears as small particles rather
than a diffuse reglon, Is sporadlc and usually at quite a low eoncentration.

6)  Orlentation

The maximum orlentation of many of the billets Is shown In Table [Il. This
was determined by comparing the peak intensity of the {200} plane on a
transverse section with the same plane of a randomly orlented MgO body*.
A high and low value of thls maximum are also shown to Indlcate the degree
of varlations. Such varlation Is normally due to graln slze differences,
cracking, and non unlformity of the extrusion. Cursory trlals Indlicated
that extremes of surface preparation would make at most a 10 to 20%
difference In such highly orlented bodtes.

* Some of fh? Xalues for extruslon MgO=1 are not In agreement with those glven In the
last report., 3) Further experimentation Indlcated discrepancies which now appear due
to exceedlng the counting efficlencles of the gelger detectors previously used. This
has now been corrected Bl use of a scintlllation counter. The qualltative nature
of the MgO pole figure ) would not be changed, but the quantitative values will
be corrected.

12



DISCUSSION AND CONCLUSION

The varlations in vacuum chamber pressure during hot pressing of MgO bodles that
laminated, broke rams, or broke dles indicate gas entrapment In the raplidly densifying
bodies. Previous experience at Boelng, observations on the powders, and successful
fabrication by delayed and slower pressure application all corroborate this. However,
further pressing procedure modification appears necessary to obtaln the highest possible
quallity billets from the present powders.

Isostatic pressing and subsequent firing of reagent grade CeO, has produced suitable
CeO5 bodles. Modifications of the Initlal fabrication parameters should reduce the
present 7% or less porosity achleved.

The ellmination of the graphite lubricating sleeve on the uncanned extrusion gave

more uniform extrusion, and grossly reduced graphite contaminations However, it
appears that the flberglass did not provide adequate lubrication - resulting in incomplete
extrusion. Thin wall tubes or cans Instead of foil covering would allow the use of
lubrication procedures used in canned extruslon which should provide adequate lubri-
cation. The discrepency between the diameter of the MgO attached to the TZM nose
and the MgO In the die tail may be due to bloating caused by Impurities. This fact,
plus the generally infertor results of simllar billets In canned extrusion indicates that
billets of higher purity and denslty are needed for further progress with thls technique.

Densification generally occurred during extrusion (the Indicated lower denslty of M2Z-1-3
after extruslon could be due to cracking or experimental error) with billets of the highest
density before extrusion having the highest density after extrusion. However, complete
densification did not generally occur as shown by both density measurements and trans-
lucency. Creater densification occurred In the high purity MgO graln (mg-1) just

packed in the can than in the bodles fabrlcated with graln prior to extruslon. This is
belleved due primarily to the higher purlty of mg-1 allowing easier, more homogenous
flow, although Intergranular sliding before complete bonding of gralns may have helped.

The non-uniformities of the extrusions are due to changes In flow characteristics of the
ceramic Interacting with the flow characterlstics of the can. Bulbous noses appear to

be most llkely when a stiffer materlal follows a softer one. Inhomogenlties in billet

flow characteristics or density as well as can Inhomogenities will also contribute to these
problems. Significant protrusions of the can into billets M2Z-1-1 and M5C-1-2 (MgO-4),
but not into billet MION=-1-~1 appears to be due to the greater stiffness of the former two
as shown by their lower reduction and higher extrusion pressure (even at a higher tempera-
ture), and thus apparently allowing the tungsten to flow into the large surface pores.
However, MION-1-1 was not as stiff, and therefore could apparently flow to close its
substantial surface porosity.

The stresses in the cooling extruded body are complex and not completely known; however,
the cracking patterns observed suggest some general mechanlsms. Many of the I?rsglfudlnal
linear cracks are quite suggestive of fallure observed in diametral - compression 3),
Similar compression would be expected to occur due to the can coollng faster than the
ceramic, especlally where the ceramlic dlameter was not uniform. The transverse linear
cracking could result from longltudinal thermal stresses due to cooling along the extrusion
combined with tensile stresses resulting from the low thermal expansion tungsten can

gripping the higher expansion ceramlc at relative maxima of the ceramlcs varylng diameter.
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Much of the random cracking also apparently results from such grlpping of the ceramic
by the can. However, this gripping does not appear to be the sole cause since random
cracking was observed in MION=-1-1, M2N-1-1, and the uncanned extruslon, all of
which had relatlvely smooth surfaces and uniform diameters In a given cross section.
Another posslble source of such cracking would be radlal compression of a cylindrical
body with crack deflectors such as pores, second phases (ZrO5 and CaO rich phases
should be present during or shortly after extrusion), and poorly oriented grains. All
of the bodles with random cracking appeared to have at least one of these character-
Istics.

All of these observations on cracking suggest that to prevent cracking stresses the extru-
slon must be cooled slower or the can must not restraln the ceramlc contraction on
cooling. Slower cooling will reduce constralning of the ceramic by the can as will
obtalning more uniform ceramic extruded sections as by producing more uniform billets,
longer blllets, or higher reduction ratlos (since this gives a longer extruslon). However,
use of much thinner wall cans or cans with thin slots filled with a materlal (e.g. MgO
powder) to prevent welding of the slots may also grossly reduce constralning by the can
by fracture of the thin wall or slots respectively during cooling of the extrusion.

Orlginal grain boundaries and longitudinal cracks in fused MgO bodles extruded with
long graln boundarles approximately parallel to the extrusion axls appear to correspond
quite well, The Indicated general varlatlon of graln size between secﬂovh )bounded

by these cracks and evidence of original boundaries previously presented '/ corroborate
this. This would appear to be due to graln boundary sliding. The corrogated or striated
surface seen on these cracks would appear to be due to the combinatlon of longitudinal
sliding along the boundary and the graln boundary corrogation 3f MgO during high
temperature deformation recently reported by Day and Stokes (6 .

Evidence demonstrates that substantial graln elongation occurs during exfrus{ n as ex-
pected, but thls rapidly recrystalllzes - agreeing with observations on CaO How-
ever, the Indication of a few remnant elongated grains, an apparently higher dislocation
density, and partlally formed substructure indicate that recrystallization is not quite
complete.

Comparison of grain sizes between Tﬁ%les 11l and IV clearly shows substantial reduction
in grain size as previously reported * /. Extruded grain size Is also generally smaller
than In the starting billet prior to heating for extrusion.

Measurements of orientation show that all dense MgO, MgO-NIO, and MgO-Al,03
extruded bodles are highly oriented. This Is corroborated by observations on cleavage
fracture surface flatness.

The lower reduction ratio and higher extrusion force for the MgO-CaO and MgO-ZrO,
bodies shows a much higher resistance to plastic flow, This may mean greater high
temperature strengths In these bodies.

No significant differences were observed In bodles fabricated per Vacuum Hot Pressing
Procedures A or B.

14



Contamination of the ceramic by the tungsten can appears to be minor, The tungsten
observed In some bodles Is belleved to be carrled In from the surface durlng sample

preparation since It appears to occur as sporatic, discrete particles In dense bodles
with no sign of diffusion.

Increasing the extrusion temperature from 2100°C to 2400°C dld not appear to signi-
ficantly effect grain size, densification, or orlentation In the MgO, MgO-NIO, or
MgO-Al,O 3bodles. It should however, Improve extrusion of MgO-CaO and MgO-
ZrO, bodies If billets of comparable flow characteristics are extruded together.

15



WORK IN PROGRESS AND PLANNED

Work In Progress

An extrusion of CeO,, fused MgAIZO CaO, and Zr02 (CaO stablllzed) In a
TZM can at 2000°C Is now In preparation,

Further Improvement in hot pressing procedure are being sought.

MgO bodles with 5%/ NIO or 5 W/ o Al,O3 are belng prepared for comparisons
with bodles of lower NIO and Al203 content.

Work Planned

Plans are belng made for one or two extruslons to Investigate each of the
following parameters:

1) Higher reduction ratlo to evaluate this effect on bodles and to obtain
longer uniform extruded sectlons to reduce cracking.

2)  Cans with two diametrically opposite slots to reduce cracking by relleving
can restraint on the ceramlc.

3)  Thin wall cans to reduce can constralnt, possible can non-uniformity,
and resultant cracking.

16
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I

o

M2N-1-6

MIA-1~8

FIGURE 4  EXTRUSION MgO-6
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TANTALUM
. FOIL MOLY FOIL

TZM TAIL

' TZM NOSE

FIGURE 5 UNCANNED EXTRUSION: A) BREAKDOWN BEFORE ASSEMBLY AND EXTRUSION,
B) PORTION STALLED IN DIE. (NOTE- DIE SERRATION TO HOLD ZrO, COATING.
REDUCTION RATIO APPROXIMATELY 6 TO 1)
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FIGURE 6 UNIFORM FLOW TRANSITION BETWEEN BILLETS. A) NOSE OF MIA-1-7
IN TAIL OF M 2 N-1-3 (MgO-2) B) NOSE OF M 2 N-1-3 IN TAIL OF
M-1-6 (MgO-2)
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FIG. 7.

EXTRUDED BILLET CROSS SECTION SAMPLES

A) BILLET MIA-1-2 (MgO-3)
B) M-f-3 (MgO-3)
C) M2N-1-3 (MgO-2)

D) M-1-7 (MgO-5) - THIS SPECIMEN IS
SETTING IN A POOL OF GLYCERINE
TO SHOW TRANSPARENCY. ALL
SPECIMENS ARE APPROXIMATELY
0.5" IN DIAMETER.

24




MgO, 10 /0 N1O
FUSION

,gjsszsz}i?;fj?;‘f?
FoL o

MgO, 2 W/O 2:0.
FUSION 2

i I%ﬁi?%?i?%%ii‘{i}%}!}%ﬁi?

Ly s
a. ' 4

FIG. 8 FUSED INGOT SECTIONS A) MgO-10 "o NiO B) MgO-2 W/, ZrO, .
BILLETS CUT FROM OUTER, DENSER SECTIONS)
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FIGURE 9 MgO BREAKING OUT OF CAN
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EXTRUSION DIRECTION "

FIG. 10 RANDOM AND LINEAR CRACKING
A) TWO EDGES OF MG-2 (MgO-6)
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EXTRUSION
DIRECTION

_—_—

FIG. 10 RANDOM AND LINEAR CRACKING (CONT.)
B) RANDOM CRACKING IN MION-1-1 (MgO-2)
C) LINEAR CRACKING IN M-1-11 (MgO-5)
D) INTERMEDIATE, M4C-1-4 (MgO-4)

ALL SPECIMENS ARE APPROXIMATELY 0,5" IN DIAMETER
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EXTRUSION DIRECTION G

FIG. 11 FUSED GRAIN BOUNDARIES AND LONGITUDINAL CRACKING

A) FRONT OF ORIGINAL FUSED BILLET M-f-5
B) SECTION 2" BACK FROM FRONT OF EXTRUDED BILLET M-f-5

C) REAR OF ORIGINAL FUSED BILLET M-f-4
D) SURFACE OF LONGITUDINAL CRACK NEAR THE REAR OF EXTRUDED

BILLET M-f-4
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50

FIG. 12 TYPICAL MICROSTRUCTURES, A) B) AND C):
TRANSVERSE SECTIONS (FRACTURES) OF BILLETS
M2N-1-2 (MgO-3), M-1-4 (MgO-4), AND M-1-12 (MgO-5) RESPECTIVELY
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EXTRUSION
DIRECTION

F

>

R P
o

n? A
s

FIG. 12 (CONT.) TYPICAL MICROSTRUCTURES. D) E) AND F):
LONGITUDINAL SECTIONS OF BILLETS

M2N-1-2 (MgO-3), M-1-4 (MgO-4), AND M-1-12 (MgO-5) RESPECTIVELY
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FIG. 13 REDUCED SURFACE GRAIN SIZE.
A) TYPICAL CENTRAL GRAIN SIZE.
B) SURFACE GRAIN SIZE.
TRANSVERSE SECTION OF M-f-4 (MgO-2)
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EXTRUSION DIRECTION —>

FIG. 14 DISTINCT GRAIN SIZE VARIATION. LONGITUDINAL SECTION mg-1 (MgO-6)
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EXTRUSION
DIRECTION

FIG. 15 GRAIN ELONGATION. LONGITUDINAL SECTIONS OF:
A) AND B) BILLETS M-1-6 (MgO-2) AND M-1-14 (MgO-5) (NOTE SMALL
ARROWS INDICATING ELONGATED GRAINS OR THEIR PROBABLE REMNANTS)
C) BILLET MG-3 (MgO-5) (NOTE DARK, ELONGATED PATCHES - PROBABLE

ELONGATION OF ORIGINAL LARGE DENSE MgO GRAINS (FUSED) - THESE
WERE RECRYSTALLIZED).
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FIG. 16 CONTRAST IN TRANSVERSE FRACTURE OF EXTRUDED AND UNEXTRUDED MgO.
A) BILLET M-f-5 (MgO-5)

B) UNEXTRUDED MgO BODY FABRICATED
PER VACUUM HOT PRESSING PROCEDURE B AND FIRING SCHEDULE A.
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FIG. 17 SUB-BOUNDARIES IN EXTRUDED BODIES.
SAMPLE: TRANSVERSE FRACTURE OF M-f-3 (MgO-3)
A) AND B) FROM THE SAME AREA
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FIG. 18 MgO-2 W/o ZrO, FUSION ANALYSIS, AS RECEIVED INGOT:
A) ELECTRON PROBE ANALYSIS - WHITE: ZrO2 RICH, CGRAY:
MgO, BLACK: VOID, CRACK OR GRAIN PULL-OUT.
B) ELECTRON MICROGRAPH OF FRACTURE SURFACE ETCHED IN
BOILING CHROMIC ACID.
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FIG. 19 EXTRUDED BILLET M2Z-1-3 ANALYSIS. A) ELECTRON PROBE
ANALYSIS - WHITE AREAS ZrO2 RICH, GRAY - MgO B) ELECTRON
MICROGRAPH OF FRACTURE SURFACE ETCHED [N BOILING CHROMIC

ACID.

38




ov's

IZ°¢e

28'9
9°9
S1°¢
&€

or'e

o|p ®x0iq
Tt
V'€
8G°¢

s|p x01q
8>04q Wi

sip ®x0uq
o't
peibujwp|

<]

25/l Asusq

X0} 089S
- (40058Z)DeS95 1

(10068Z)DeG951 4 V
(300687)DeS9S1 4 V

(260S8Z)DeS951 © V

(4058Z)DeS9S1 4 V

(4068Z) DeS9S 1 01 V
(40058Z) DeS9S | O V

(4058Z) DS9S 1 O4 ¥

s|npeyas Bujilg

pesoyaing
uojsny

?xoh oomv
Bujsseyy
o|4pysos|

n
1 8|npeYyds
Bujssaiy jol
WNNJDA Joy

i%e] 8¢
ixa] @ag

g @4npesoyy
Bujssaiy joH
WANIDA 134

uojsng

uo}ip2jiqo4

NOILvOlitvd 131114

¢oz
A Yol|vew

Zo%>
ﬁ ¢o%

ord

I\

01Z2°/,,2-OBW

| €OIV®/s-0BW

{ OIN°/m 5-0BW

ﬁ

g OBw
ieysiy

\

Aooz

| 319vl

"9 /8 10°0F s} Joud Agjsusp [pujuwop A

Rl 4

Z-1-pus
L= [-Pws

Z-1-92
1-1-D

y-1-2
- 1-ZIN
I-1-VSW

T~ -NSW
L=1=-NSW
G=Z-W
V=W
£-T-W
J -
1=-Z-W
0Z-1-W
61-1-W

8-1-W
* L=3"WN

9=4=W

P

isqunN 491



*$350D QWIS U] | O} § JO JOPIO 8y} Of OJ4DI By ©NPaI ADW SJY] °UO|SOLIS BIP Yj|m SIDIIDSD 040y UOHONPSY PalY

A_ 009 - 00S

]

osy
005
0sS
1749

0t9

g 2 8

osy

<€ <3

(suoi)
pu3z

(suof)
D)5

92104 Bupuuny

009
00s
ges
0zs
1949
09S

<l

?.co._v
3clo4
$9sdn

SYILIWVIVA NOISNILXI

Gl-g
ol
Ll
L

0l

*08s/uj
paadg

*@opuiny wouy Bujddolp uo 49]}1q 84]sodwo?) jo einypiedwe]

Lo49

Lo+ é6
Lo+ 6
o6
L o4é

<3

oJ4py
uoj4onpay
paIy

i1 31evl

*suoj Q9 40 P3||Pés uosniixy
*UO[§09S DJWDIBD §SD| JO PUD {D Pa||D}S UOISNLX]
*UO§28S DJWDIID §SD| BPNIYXS 0§ 82104

*UOJ408S D|WDISD 4Si]y IPNIYXS Of 82104

*asou udysbuny spniyxe o 92404

00€Z  50%0
0ovz 620
002z 620
00€Z 5270
0022 6270
0012 620

<]

sseuddIYyy
Do [IPM UDD
einjpiadwe | [Py

AAAABAA

uojsniyxy
66°C peuubsun

61 9-OBw
61 G-OBW
61 y-Obw
Gl £-0bw
S Z-OBw

(seyou})

isjewpiq

O—EU._OU ._DQEDZ

[ol4lu] uojsniyx3



91 Al 8l oy 0z | Lois~+ LE°€ g OPD%/Mpr-OBW I=1=D¥PW
0°9 S'¥ |6°9 0z Lol g2 | ov'e eV q ouuw\;v-omz y=1~DFW
G'9 €'c |9'8 GL | L oL uopsng| - 0®2Y,,G-OBW Z-1-DSW o

ze oc | st 06 0/ | 1o6-8 | ¥5°¢ 9z°¢ v OBW - =W Loté
141 8 8l ot 0S5 | 1%é8 | €5°¢ GS°€ q Noﬁw\;w.omz £~1-ZIW De00€Z
0z | o4 6~/ uopsng| 04z%/mz-OBW I~1~ZZW y~OBW

oL 09 Loig v |€o%ivyml-OBW £-1-VIW

vz LU | se 0L 05 | L o4é8 v  (€0%vO\1-OBW Z-1-VIW

14 6 1z 06 08 | L os8 uolsnd | OIN®/m01-OBW | 1-1~NOIW

147 8y 9 06 ¢/ [oig v OIN%/\Z-OBW Z-1-NZW

& s z9 or 0S Loig | £5°¢ £6°€ q OBw ol-1-W

08 | | oié8 v OBw S-1-W
08 | Loé8 AN v obw Z-1-W 1 o6
(%] &5 0S 06 0/ | Lo 68 v Obw I-1-W 200027
or 14 8/ 00€ 00Z | L % 68 uojsny OBw £=4-W £~OBw

6€ £ w o€ 0 | Lo 68 'e | v |tOlIvS/mI-OBW L~1-VIW
& S £9 or Oy | Lo6-8 | 09°€C ov°€ v OIN%/mz-0O5W £-1~-NZW Lot 6
9 ¥S &5 oy 0 | L o -8 ¥s°€ \/ OBW 9=1-W 200012
Sy €€ 9 091 00l | 1 o4 ¢-8 uojysny OBwW y-3=~W Z-OBw

| o4

oy Ge 44 o G /-Gy | I6°'¢ \' OIN/MZ-OBW I-1-NZW
ol g Sl 0s [oi9 uojsny| QOPD9/uG-OBW I-1-DSW | oig
e o€ ov oy [oig-9 | sy°e v |So%v°®/mi-0BW I~ 1=VIW 200612
0ZZ 08l| LoWl-G uojsny OBw 1~-W 1-OBw

jouipnd 9SI9A A_ A_ A_ A
eboisAy| mo7| YBIH| —jBuoy ! —suos oj4p1 uoly
A_ A_ O:OM :O_mD.ZXm COmthxw IUQ?D._ DO..(
E:E—XUZ mco._u—<< C— ONmm CO—‘—U:*UOM ._m.r—< p o._Ommm co_.—_uu CO—:mOQEOU ._OAE:Z 0._3‘—0._0&:._0._.
UOHDIUB O ujpio) eBoseAy paJYy 20 b 4jjsueq ~}iqo4 .._on_E:Z
tuojsnJyxy -
1371118 DIWV¥3ID
viva 131118 @agniixa 1l 318vl

41



(s1XD uo|sniyx®@ ayj Josu o 4p) supid

or 8t K44
0°S 0t | 0°4
8°Z é°1 AR
V4> > 14
A% -1 4 9s
.9 §S L?
89 09 174
0°4 ¢S Ll
0z Zl | §°ST
1% (A4 z9
0s %4 LS
eBoseay [ moq| yBiy
<3
wNw | xopy
Uopjue 10

08
0t
0c 0z
09
0s oy
oy 04
0s ov
08 0£
08 09
0t 0t
09 174
09 09
otl 0l
joulpny| 8si19A
-|Buoq | ~supsj

<3

suaIs |y uj azjg
ujpis) eBpiery

002

Lot |1

Loté
Lot /[~y
1o 6L
L & Ol-6
L ot 68
L © 6-8
L o4 01-8
L o4 0L-8

L o4 6-8
]

oDy
uoj4onpay
paly

%83
nmomom

<&

uojsniyxy
194y

*wpaq Abi-y 8y jo sup|d ay} o} Jojnojpusdied peyp|||2so 5]
(uoj4o8s ®sIeAsuDLy) usw|oads By} 8[Iym uni 19PIOd3J 4iDYD disis D woly paulpiqo s| 8BpisAb ay] *a|dwbs wopubl b o} uosjpdwod uj

uojsniyxgy
alojag

22 /wb Ayjsusq

137719 DIWVd3ID

viva 1371119 aaaniixa (°4uod) |1l 318vl

B
2
|
v
v
9
!
2
O
|
!

<

uojsng

Uo4pd

-}4904

obw
ofw

0OPD%/myr~-OBW
€olive/mL-OBwW
OIN%/MZ-OBW

OBwW
OBw
OBW
ofw
Obw
Obw
obw
OBw

uoj4sodwon)

ayj jo Ajjsuaguy pad 3y} jo o}4pl By} Aq PBUWISIOP S| WNWIXDW UOHDIUS IO A

*az|s ujpJB pejbui|is] A_

*Ayjsusp @onpau |||m Bupiobio [puidjul eAfsuayxy *oo /wb 7o' 0¥ A

*00 /wb [0°0%F A_

*upd> usysBuny sy} uj pepoo| ujpiB of 49481 B ‘g aouessyes 99s ~ ujoIb
OB woij eppW $49||1q Of SI8481 ) ‘¢ 9OUSISISI U] POJOU SD SUOJDI YT Pow Jo selnpadosd Bujssaid joy WNNDODA O} 18481 g pup vy A

|-Bw
oW

A Cai® 4}
g-1-VIW
9-1=NZIW
Sl-1-W
cl-1-W
1-DOW
£-OW
Vi-1-W
Li=-1-W
L-1-W
S--W

<

._OQEDZ

*doj 8y} wouy I0ds o} jucly pajs|| 3D 491G A_

| o4
D000¥Z
9-Obw

Lot ¢g
200022
G-OBw

oJ4D1 uo}y
-2npal paly
ainyosedwa |
JsquinN|
:uojsniyxy

42



* Apoq Bujpuodsaiios a3y Joj umoys san|pA 1aybly ayy jo pilys

SUO pPUD BN|DA 19MO| 8Yj JO }|PY dUOC usdmisq aq A||p1audb |||m vy 8|NPaydg Bulsl4 uo

Buja)y 19440 sg8|||q posseud joy u} 8z|s ujpib jo abups ayj .Am\N (1) sydodes snojaaid uj
possnosip sp uojsnj jo jJoys Bupayy pup Bujssaid jo uolpujquos Aub of 519481 34pys pj|og A

1 009 - 00l 34pis pJ|og 04z - OBW
005 - 0§ uojsny ¢04Z - OBW
00Z - 05 84p4s pllos OPD - OBW

000Z - 00§ uojsng 0orD - Obw
008 - 00Z 34045 P]]OS €ollv - OBW
00¥ - 001 3{pys pJ|os OIN - Ofw
suoIdjw 0001 - 002 uojsnyg OIN - OBw
suosdjw 008 ~ 002 <7 34p4s pj|os OBw
sI9fdwi|judd ¢ o4 | uojsn4 Obw
uojsniyxy lo4
Bujyosly o3 ang sbupy 8zig ujpio) uolo2jiqo uol4jsodwior

NOISNILXI OL YOIUd 1SNI IZIS NIVYEOD FIVWILST Al 318Vl



APPENDIX
CALCINING PROCEDURE A

Powder is loaded In 99% pure MgO crucibles approximately 3" In diameter x 4"
high with 0. 1" wall thickness by using the crucibie to scoop powder from the
container.

The crucibles are placed in a metal retort with half of them inverted on top
of the remainder. The top crucibles are slotted on the side near their base
to allow ready gas escape and good flushing while acting as lids to prevent
excess splllage of powder, and possible contamination from the retort metal

Iid.
A thin metal lid is welded on the retort to seal It.

Lines are attached to fittings to introduce argon at the bottom in front, and
a vacuum system to the top of the retort In the back.

The retort is loaded in the fumace and the vacuum and argon valves are set
to establish an argon flush at about 10" absolute pressure,

The retort Is heated at a linear rate to reach 600°C (1110°F) in approximately
5.5 hours. Temperatures are measured by a thermocouple near the center of
the retort.

After 1 hour at 600°C, the retort Is cooled in approximately 1.5 hours,
initlally in the fumace, then out of the furnace.

When the retort is less than 100°C the vacuum valve is closed, when the

retort Is near atmosphere pressure, the argon valve Is closed, and the retort
is flooded with benzene through a third fitting.

The thin retort lid is then removed and the powder, covered with benzene,
Is transferred to jars which are closed for storage.



10.
1.

APPENDIX
BILLET VACUUM HOT PRESSING PROCEDURE A (WITH LiF)

Two welight per cent reagent grade LIF is added to the ceramic powder by milling
for 2 hours in an organic fluld, normally benzene.

The milled slurry is dried, screened through a number 28 screen, and stored in
sealed jars. The time of storage In sealed [ars is normally less than one week
prior to complete usage of the powder.

Powder is loaded in the die by cold pressing at 1000-2000 psi. Pyrolytic

raphite spacers are placed between the rams and the powder when graphite
3ies are used.

The dle is placed In the vacuum hot press which Is pumped down to a chamber
pressure of 10~4 -~ 10~3Torr in about 1 hour.

After at least 4 hours at 1074 - 10—5Ton', the die is heated at an approximately
linear rate to 650°C (1200°F) in about 0.5 hour. Temperatures are measur

by a thermocouple in the die wall approximately 0.75" from the inside die surface
and about 1" above the specimen.

Retween 650°C and 700°C the ram pressure Is built up to approximately 3500 psi.
Heating, while maintaining this ram pressure, is continued at a slightly slower
rate until a temperature of 980°C (1800°F) is reached after a total heating

time of 50 to 60 minutes.

Pressing conditions of 980°C and 3500 psi are held for 15 minutes with vacuum
chamber pressure averaging 2 to 4 x 10-3 Torr.

The heating power is shut off and the ram pressure released over a perfod of
about 1 minute.

The die is removed from the vacuum hot press after 2 to 4 hours of cooling.

The specimen Is ejected from the die at temperatures of 400°C or less.
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10.

APPENDIX
BILLET VACUUM HOT PRESSING PROCEDURE B (WITHOUT LiF)

Powder Is directly loaded into the die from sealed bottles, without any prior
milling unless mi{llng was previously used to mix alloy agents. Pyrolytic
graphite spacers are used between tﬁe rams and the specimen when graphite
dies are used,

Te powder is cold pressed at 1000-2000 psi.

The die s placid In th% vacuum hot press which Is pumped down to a chamber
pressure of 10™4 to 10™2Torr in about one hour.

After at least 6 hours at 10~ = 10™Torr the die Is heated to 900°C (1650°F)
in about 30 minutes., Temperatures are measured by a thermocouple located
In the die wall about 0.75" from the inside die surface and about 1" above
the specimen.

Starting at 900°C the ram pressure is built up to 5000 psi over a period of
about 2 minutes.

A temperature of 1205° (2200°F) is then reached in about 20 minutes, while
maintaining the ram pressure at 5000 psi.

Pressing conditions of 1205°C and 5000 psi are held for 15 minutes with
vacuum chamber pressure averaging about 10=2Torr.

The induction heating power is shut off and the ram pressure released over a
period of about 1 minute.

The die is removed from the vacuum hot press after cooling for two to four
hours.

The specimen Is ejected from the die at a temperature of 400°C or less.
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